We consider the unfold dynamics of generalized Gaussian structures ͑GGSs͒ exposed to different kinds of external forces. A GGS consists of N monomers connected by harmonic springs into a network; when its spectral dimension d s exceeds the critical value of 2 the GGS is in a collapsed state. Sommer and Blumen ͓J. Phys. A 28, 6669 ͑1995͔͒ showed that collapsed structures can be unfolded under external forces; they demonstrate this for the case where each monomer is exposed to a force with a random direction: Then networks with a spectral dimension up to 4 become unfolded. In the present paper we focus on the dynamics of such unfold processes. We investigate GGSs exposed to different kinds of external forces ͑pulling one monomer, uncorrelated forces, long-range correlated forces, and diblocklike forces͒. We show that external perturbations that act only on a few monomers are not able to unfold a collapsed structure; on the other hand, more general kinds of forces lead to a stretching of GGSs even for d s Ͼ2 as long as d s Ͻd c , where d c depends on the kind of the force field. In general, during the unfold process the size R of the GGS grows via a power law Rϰt ␣ (0р␣р1), where ␣ depends on d s as well as on the kind of force field that is applied.
I. INTRODUCTION
The theoretical investigation of the conformational and dynamical properties of flexible polymers often proceeds from a very simplified model, the Rouse model ͓1,2͔. In this model the polymer is considered as being a sequence of beads connected via harmonic ͑entropic͒ springs ͑Gaussian chain͒; the chain incessantly changes its shape due to thermal agitation. Though this model disregards many features of a physical chain ͑e.g., the excluded volume effect, hydrodynamic interactions, and topological effects͒ it leads in a series of cases ͑e.g., semidilute solution and melts below the entanglement limit͒ to a reasonable description of the physical situation ͓2͔. Moreover, due to its simplicity, the model serves in many cases as a first step towards the theoretical formulation and the understanding of polymers in a great variety of environments. Thus, recently a series of works was devoted to the investigation of single polymer chains under different kinds of external forces, namely, polymers in solvent flows ͓3,4͔ and charged chains ͑polyampholytes͒ in external electrical fields ͓5,6͔. For these cases many conformational and dynamical features were calculated analytically in the framework of the Rouse model.
It is now tempting to augment these investigations to objects that show a more general connectivity, namely, to the so-called generalized Gaussian structures ͑GGSs͒, which are generalizations of the Gaussian chain. GGSs may serve as simplified models for membranes, gels, and polymer networks. Note that GGSs do not account for intermolecular interactions, i.e., whether excluded volume or entanglement effects are taken into account. However, in dry polymer networks the excluded volume may be screened ͑similarly to polymer melts ͓2,7͔͒; furthermore, entanglement effects should be quite small for sufficiently high cross-link densities and thus short enough network chains. In the present paper we assume the GGS to be an isotropic and locally homogeneous fractal network. Huge fractal macromolecules are expected to be formed during gelation processes ͑cf., for instance, the percolation model discussed in Ref. This collapse transition sheds also a light on some recent works on polymer localization ͓12-14͔. Thus Solf and Vilgis ͓13͔ and Kantor and Kardar ͓14͔ considered the behavior of a one-dimensional Gaussian chain comprising N monomers in which in addition M randomly selected pairs of monomers are restricted to be in contact. They showed that the radius of gyration scales as R g 2 Ϸb 2 N/M . Thus the structure is in a collapsed state ͑with R g Ϸb͒ when M is of the order of N, i.e., when the number of bonds of the resulting structure is of the order NϩM Ϸ2N. Note that for a square lattice ͑''membrane''͒ that obeys d s ϭd c ϭ2 the number of bonds is also approximately 2N.
The collapsed state of GGSs with d s Ͼ2 is physically not meaningful and the behavior of real networks and membranes will then usually be governed by other effects such as the excluded volume. However, it was shown by Sommer and Blumen ͓9͔ that the application of external forces may unfold collapsed GGSs; thus a random force field leads to an unfolding of GGSs with spectral dimensions up to 4. This example shows that the interplay between the chain connectivity ͑represented by one parameter, the spectral dimension͒ and the external perturbation can lead to an unfolded struc-ture, even beyond d s ϭ2. In such cases GGSs may serve as useful network models even beyond this critical dimension. It is the purpose of the current paper to investigate the rich dynamical and conformational behavior of GGSs under different kinds of external forces and to calculate the decisive role of the force field on the dimension d c up to which the collapsed state can be unfolded. We start in the next section with the case when one applies a force on one given monomer of the GGS; by means of this simple example we introduce the model and the appropriate calculation methods. Then, in Secs. III and IV we consider different kinds of random force fields as well as blocklike forces.
II. PULLING ONE MONOMER
In this section we calculate dynamical and conformational properties of networks for the case that an external force acts on one given monomer. Recent optical developments allow one to realize such micromanipulations of macromolecules. We model the network as a GGS consisting of N beads, connected by harmonic springs. The configuration of the GGS is given by the set of vectors ͕r n (t)͖, where r n (t) ϭ"x n (t),y n (t),z n (t)… denotes the position of the nth bead at time t; nϭ1, . . . ,N. The potential energy U(͕r n (t)͖) of the GGS contains only the elastic contributions of neighboring segments and of the external force that acts on one monomer, say the kth one. This leads to
where the summation extends over all pairs ͕i, j͖ of the set of bonds B between the N monomers. In Eq. ͑2͒ Kϭ3T/b 2 is the ͑entropic͒ spring constant, where T denotes the temperature in units of the Boltzmann constant k B and b is the mean distance between neighboring beads. Furthermore, we introduce in Eq.
, where M i j is an element of M , the so-called generalized Gaussian Rouse matrix ͑GRM͒ ͓18-20͔. M can be constructed as follows: Start with all matrix elements set to zero. Then account for each bond between the monomers n and m by increasing the diagonal elements M nn and M mm by ϩ1 and the nondiagonal elements M nm and M mn by Ϫ1. For a linear structure ͑i.e., a polymer chain͒ this procedure leads to a tridiagonal matrix, which is the well-known Rouse matrix ͓1͔.
The dynamics of the GGS is described by N coupled Langevin equations, the generalized Rouse equations ͓8,20-22͔ ‫ץ‬r n ͑ t ͒ ‫ץ‬t ϭϪ ‫ץ‬U"͕r n ͑t͖͒… ‫ץ‬r n ͑t͒ ϩ͑n,t͒. ͑3͒
Here is the friction constant per monomer and (n,t) is the thermal noise that mimics the collisions of the nth bead with the solvent molecules. The thermal noise is Gaussian ͑white͒ with zero mean, so that one has
͑4͒
In Eq. ͑4͒ i and j denote the components of the force vector, i.e., i, jϭX,Y ,Z, and the angular brackets stand for thermal averaging, i.e., averaging over the realizations of the Langevin forces (n,t). From Eqs. ͑2͒ and ͑4͒ it follows that Eq. ͑3͒ decouples in the X, Y , and Z directions. Hence, in the following we can restrict ourselves to one component, say the X component, which obeys
where we set f(t)ϭ"f (t),0,0…. The solution of Eq. ͑5͒ is given by
͑cf. also Ref. ͓20͔͒. From Eq. ͑6͒ we find that the meanaveraged position of the kth monomer ͑on which the external
where we assumed that the force is switched on at tϭ0, i.e., f (t) ϭ f (t). By further performing the average over k ͑struc-tural average͒ we obtain
Thus the average displacement of the bead on which the force is applied follows from the trace of the matrix e Ϫ(K/)M , which equals the sum over its eigenvalues e
For large N it is convenient to transform in Eq. ͑7͒ the sum over k into an integral over by introducing the spectral density n() of M. This leads to
The spectral density reflects the connectivity of the GGS; for isotropic and locally homogeneous fractals n() obeys a power law ͓11͔
i.e., here the connectivity of the network is characterized by one parameter, the spectral dimension d s . The use of a continuous spectrum in Eq. ͑8͒ is reasonable as long as max
Here max , the largest eigenvalue of M , is determined by the local network properties and is of order unity ͓20͔. Furthermore, the smallest nonvanishing eigenvalue is given by min ӍN Ϫ2/d s ͑cf., for instance, Ref. ͓8͔͒. For d s Ͻ2 this can be seen by the following simple argument: The minimal nonvanishing eigenvalue min is inversely proportional to the time t it takes a random walker to explore the whole fractal lattice that has N sites ͓note that Eq. ͑3͒ is directly related to the master equation for a random walker on the corresponding lattice; see, for instance, Ref.
͓23͔͔. Now the number S(t) of different sites visited by the random walker grows with time as
and thus indeed min ϭ(b
In order to calculate ͗͗x(t)͘͘ for /KӶtӶ G we insert the spectral density ͑9͒ into Eq. ͑8͒. For d s Ͻ2 this leads to 
where x 0 denotes the bead's displacement at the time /K, i.e., x 0 ϭ͗͗x(/K)͘͘. For d s ϭ2 one finds a logarithmic time dependence. We note that in the force-free case the meansquared displacement of a single bead shows similar behavior patterns ͓24͔. Before we provide a physical interpretation of these results, we calculate the short-and long-time behavior of ͗͗x(t)͘͘. As mentioned above, the continuous description of the spectrum in Eq. ͑8͒ is not valid for tϽ/K and tϾ G and we have to go back to the exact formula, Eq. ͑7͒. We consider here only the case of connected objects so that only one eigenvalue vanishes, say 1 ; thus
For tӶ/K this leads to ͗͗x(t)͘͘Ӎ( f /)t. On the other hand, for long times tӷ G Eq. ͑14͒ takes the form ͗͗x(t)͘͘ Ӎ( f /N)tϩL, where the time-independent term is given by
͑15͒
Note that depending on the value of d s , the lower or the upper bound of the integral in Eq. ͑15͒ determines the behavior of L. Let us now survey and discuss the results. In Fig. 1͑a͒ for the case d s Ͻ2 the displacement of the tagged bead is plotted logarithmically against time. For very small times tӶ/K the bead does not ''feel'' any constraints that arise from the connection to neighboring beads. It moves ballistically with the constant velocity vϭ f /; see below Eq. ͑14͒. Then, in the intermediate-time regime more and more beads are involved in a collective motion; consequently, the velocity of the tagged monomer decreases with time, following a t Ϫd s /2 behavior; cf. Eq. ͑12͒. Note that this time domain is very broad for large N. Finally, at tϭ G the motion of the tagged bead crosses over into a small drift motion ͓see above Eq. ͑15͔͒. The velocity obeys vϭ f /N, which follows from the balance between the external force f and the friction N of the whole GGS, i.e., for tϾ G the whole network moves ballistically and the tagged bead mirrors the motion of the center of mass. Note further the time-independent term ͑15͒. It represents the equilibrium value of the stretching of the GGS due to the external force and follows from the summation over the 1/ k values. It can also be obtained by setting tϭ G in Eq. ͑12͒. The stretching leads to an N (2Ϫd s )/d s dependence of the size of the GGS, which is significantly larger than the typical size in the force-free case, which is proportional to N (2Ϫd s )/2d s ͓cf. Eq. ͑1͔͒. In Fig. 1͑b͒ we depict the case d s Ͼ2. The behavior for very short times tӶ/K and long times tӷ G is again governed by the ballistic motion of the tagged bead and of the whole network, respectively. On the other hand, in the intermediate-time regime /KӶtӶ G one has a very small displacement of the bead: At tϭ/K one finds ͗͗x(t)͘͘ Ӎ f /K; see below Eq. ͑14͒; then, during the following intermediate regime the tagged monomer moves only a distance f /K ͓cf. Eq. ͑13͔͒, which is of the same order as the elongation at tϭ/K. Thus the conformation at tϭ G is still governed by the local properties of the network. Now, as noted above, GGS with d s Ͼ2 are collapsed in the force-free case. Our considerations show that it is not sufficient to pull at one monomer in order to unfold the collapsed structure.
We give now a scaling argument from which Eq. ͑12͒ follows directly ͑cf. also Ref. ͓26͔͒. As already discussed above, the generalized Rouse equation is formally equivalent to a diffusion equation on the corresponding fractal lattice. For d s Ͻ2 the number S(t) of different sites visited by a random walker grows with time following Eq. ͑10͒. In the framework of the Rouse dynamics, S(t) can be interpreted as being the number of monomers that move collectively with the tagged bead. The domain that moves collectively has the velocity v(t)ϭ͓S(t)͔ Ϫ1 f . The average displacement of the single bead can be estimated from the average displacement of the S(t) monomers, i.e., x(t)Ӎ͐ 0 t d v(), which ͑for d s Ͻ2͒ leads again to Eq. ͑12͒. Note that Eq. ͑10͒ is valid as long as the network does not move as a whole. At later times tϾ G , g(t)ϭN holds and we recover the drift motion of the c.m. with vϭ f /N. The crossover time G can be interpreted as being the largest internal relaxation time of the GGS. We close this section by noting that the above-given considerations also hold for the case when one applies external forces to a group of g monomers as long as gӶN ͑a situation that occurs in a class of rheological experiments ͓27͔͒.
III. UNCORRELATED FORCE FIELD
In this section we assume that each monomer is exposed to a constant force with a random direction independently from the force directions of the neighboring monomers. Denote by f k the force on the kth monomer; the force on each monomer is taken to be directed either in the positive or in the negative X direction, i.e., f k ϭϮ f . Then one has
͑16͒
where the angular brackets denote the average with respect to different realizations of ͕ f k ͖. Polyampholytic networks in external electrical fields and copolymers or networks of copolymers at interfaces are examples of such kinds of external perturbations ͓29͔. Following the preceding section ͓cf. Eqs. ͑2͒-͑6͔͒, we find for the displacement of the kth bead after switching on the force field at tϭ0
where the angular brackets denote the thermal average. Here we are interested in the mean-squared displacement. Taking the square of Eq. ͑17͒, then averaging over k, and, finally, averaging over the different realizations of ͕ f n ͖ leads to
͑18͒
Similarly to Sec. II, we calculate now the intermediatetime behavior /KӶtӶ G by going to a continuous distribution of the eigenvalues. For d s Ͻ2 this leads to
.
͑19͒
For d s ϭ1 one recovers the t 3/2 dependence that was found in Ref. ͓5͔ . Now Eq. ͑19͒ is also valid for 2рd s Ͻ4. This can be seen by introducing a small positive cutoff at the lower bound of the integral over 2 ; one finds then the displacement to be proportional to (2t) 2Ϫd s /2 Ϫ 2Ϫd s /2 so that for d s Ͻ4 the behavior for very short times can be neglected. For d s у4, however, the displacement shows a strong dependence on ; here we introduce, similarly to Eq. ͑13͒, /K as a lower cutoff for both integrations in Eq. ͑19͒. This leads to
The behavior for tӶ/K and tӷ G can be calculated similarly to Sec. II by treating in Eq. ͑18͒ the contribution of the vanishing eigenvalue separately. For tӶ/K one finds a mean-squared displacement that goes as ( f 2 / 2 )t 2 ; this corresponds to the single-bead drift that we already discussed below Eq. ͑14͒. Furthermore, the long-time behavior tӷ R obeys ͗͗͗x(t)͘ 2 ͘͘Ӎ( f 2 / 2 N)t 2 ϩL 2 . We find, similarly to Sec. II, that the long-time behavior has two contributions: a drift motion ͑here, however, by a factor N 1/2 larger, which follows from the fact that the typical total force is of the order N 1/2 ͒ and a time-independent stretching term, which represents the typical equilibrium size L of the stretched network:
͑21͒
a result that was already found by Sommer and Blumen ͓9͔. For the one-dimensional chain one has L 2 ϰN 3 ͓5,31͔ ͑cf. also Ref. ͓34͔͒. From Eq. ͑21͒ it can be seen that the random force field is able to unfold collapsed GGSs as long as d s Ͻd c ϭ4. Hereby the unfold dynamics follows the power law ͑19͒; setting tϭb 2 /T min , one recovers Eq. ͑21͒. On the other hand, in order to unfold a GGS with d s Ͼ4 it is not sufficient to apply an uncorrelated force field ͓cf. Eqs. ͑20͒ and ͑21͔͒. In Fig. 2 we display the dynamics of a single bead for both cases d s Ͻ4 and d s Ͼ4.
It can be seen from Eq. ͑21͒ that for d s Ͻ4 the external force may lead to a quite strong stretching of the GGS. Due to its linearity, the model of entropic Gaussian forces will fail for large external perturbations, resulting in an unphysical overstretching. Hence we are led to the condition that the size of the stretched network ͑21͒ is smaller than the size of the completely unfolded structure LϷN 1/d s . This leads to the requirement f Ͻ(T/b)N (2Ϫd s )/2d s . Thus, for d s Ͼ2 the external force may be quite strong without contradicting the Gaussian assumption. Explicit studies of the role of the finite extensibility for one-dimensional chains can be found in Refs. ͓35, 36͔.
Let us try now to derive the power law ͑19͒ through a scaling argument similar to that presented at the end of Sec. II. For a given monomer the number S(t) of neighboring beads that move collectively with it is given by Eq. ͑10͒ for d s р2. The typical total force that acts on these S(t) beads is of the order f ͱN. The typical velocity v(t) of this collectively moving group is thus of the order ͓ͱS(t)͔ Ϫ1 f . Inserting now Eq. ͑10͒ for d s Ͻ2 and integrating the velocity over t leads to Eq. ͑19͒, the power law that we have found by the more rigorous calculation. Now we have shown above that Eq. ͑19͒ is also valid for 2рd s Ͻ4. For d s Ͼ2, however,
; the number of different sites visited by a random walker can at least grow linearly with time͔. So here the spectral dimension does not enter into the scaling expression, contrary to the explicit d s dependence of Eq. ͑19͒.
IV. CORRELATED FORCE FIELDS AND THE DIBLOCK SITUATION
Keeping this intricacy in mind, we use the above-given scaling argument in order to estimate the behavior of GGSs that are exposed to more general kinds of random force fields, namely, force fields with long-range correlations ͑cf. also Ref. ͓26͔͒. Assume that the forces are distributed in such a way that the total force f tot obeys ͗ f tot 2 ͘Хf 2 N 2␥ , with 0 р␥р1. The case ␥ϭ 1 2 corresponds to the uncorrelated case discussed above, whereas for ␥Ͼ 1 2 the forces are positively and for ␥Ͻ 1 2 negatively correlated. Note that the cases ␥ ϭ 1 2 and 1 can be simply realized, whereas long-ranged ͑anti͒correlations cannot be simply induced for many nontrivial connectivities. Using Eq. ͑10͒, one finds with v(t)
is also valid for the range 2рd s Ͻd c , where d c depends on ␥ ͑see below͒. The equilibrium value of the typical size R g of the GGS in the force field is reached at t ϭ G ; using Eq. ͑11͒ we find
Equation ͑23͒ suggests that the correlated force field is able to unfold the structure up to the critical dimension
. ͑24͒
We show now that this conjecture holds for three different cases. all forces act in the same direction. We discuss now this diblock case and show that d c →ϱ, which is consistent with Eq. ͑24͒.
We start with the one-dimensional case where all monomers of one half of the chain are exposed to forces in the positive X direction and of the other half in the negative X direction ͑''tug of war''͒. In a simplified picture the polymer may be interpreted as a dumbbell exposed to a force of order f N; furthermore, since one has N sequential springs, the effective spring constant is K eff ϭK/N. This results in an elongation RӍ f N/K eff ϭ(f/K)N 2 , which is consistent with the result of the exact calculation, Eq. ͑21͒ of Ref. ͓31͔. Now let us turn to a square lattice (d s ϭ2) that is exposed to a diblocklike force field. Here one has N 1/2 rows, each composed of N 1/2 sequential springs, which counteract the external tension. Furthermore, one has N 1/2 columns, each comprising N 1/2 springs that are perpendicular to the force field so that we can neglect them for the current consideration. The effective spring constant of the structure is now K eff ϭN
ϭK, whereas the force is again of the order f N. Thus the typical size of the stretched membrane is given by
This argument can be easily extended to hypercubic lattices of arbitrary integer dimension d s у1. One finds then that the effective spring constant is given by
Thus the size of stretched structure is given by RӍ f N/K eff , which leads to
We conjecture that this relation also holds for fractal networks with noninteger d s values. As can be seen from Eq.
͑25͒, a diblocklike force field can unfold collapsed structures of any given spectral dimension, i.e., here one has indeed d c →ϱ.
Let us now discuss the unfold dynamics in the diblock situation. After switching on the field, a given monomer and, typically, also the monomers in the neighborhood feel a force in the same direction. Thus all monomers move ballistically with a velocity vϭ f /. The typical displacement of the given monomer is thus given by x͑t ͒Ӎ͑ f / ͒t. ͑26͒
After the time G the two groups that move collectively in opposite directions will feel the connectivity of the overall structure and the stretching process stops. . Now, during the gelation process, which is, of course, directly related to the establishment of a more and more connected topological structure, one should expect an increasing d s and thus a decreasing exponent of J(t) ͓23͔, a fact that is indeed observed experimentally ͓26,28͔. ͓28͔ F. Chambon and H. H. Winter, J. Rheol. 31, 683 ͑1987͒. ͓29͔ Consider a polyampholytic network where each monomer carries a charge Ϯq; when one applies an external electrical field ͑pointing in the X direction͒ each monomer is exposed to a force f ϭϮqE. Note that our theory does not include electrostatic interactions between the monomers. Experimentally, this may be realized through not-too-large networks with a sufficiently low density of charges; then the thermal fluctuations dominate and the electrostatic interactions between the monomers can be neglected. A rough estimation can be given in the framework of the Debye-Hückel approximation, which has been successfully applied to linear polyampholytes ͓30,31͔ and networks ͓32͔. 
